Abstract ATPase 6/8 gene (842 bp) of mitochondrial DNA was sequenced in Labeo rohita samples (n = 253) collected from nine rivers belonging to four river basins; Indus, Ganges, Brahmaputra and Mahanadi. Analysis revealed 44 haplotypes with high haplotype diversity (Hd) 0.694 and low nucleotide diversity (π) 0.001. The within population variation was larger (83.44%) than among population differences (16.56%). The mean F ST value (0.166; P < 0.05) for overall populations revealed moderate level of genetic structuring in the wild L. rohita populations. The haplotype network presented a single clade for wild L. rohita population, from different rivers. Negative values for Fu's index (F S ), mismatch distribution analysis indicated period of expansion in L. rohita population. The time after recent expansion was estimated for each population, between 0.042 to 0.167 mya. The pattern of Isolation by Distance (IBD) was not significant (r = -0.113, P < 0.287), when all the sampling locations were compared (Mantel test), however, when an outlier (Indus, Brahmaputra and Mahanadi) was removed from the whole population set, a clear positive correlation between pairwise F ST and geographic distance (Km) was seen. The analysis of data demonstrated that ATPase6/8 gene polymorphism is a potential marker to understand genetic population structure of wild L. rohita existing in different rivers. The study identified population substructure in wild L. rohita with common ancestral origin [Current Zoology 60 (4): [460][461][462][463][464][465][466][467][468][469][470][471] 2014].
Labeo rohita (Hamilton, 1822) , commonly known as rohu, (Order-Cypriniformes, Family-Cyprinidae) is the most important among the three Indian major carps used in Indian carp polyculture systems. This species is the natural inhabitant of Indo-Gangetic riverine system spread across northern and central India, and the rivers of Pakistan, Bangladesh, Nepal and Myanmar (Reddy, 1999) . It has been successfully transplanted out of its natural range within India and parts of Asia as well as Europe. Aquaculture production of IMC was estimated to 4% of the world production, where as in India the production of L. rohita was 9, 45, 233mt. Labeo rohita, assessed as Least Concern, is a widespread species cultured in captivity throughout India and adjacent countries (IUCN, 2010 1 ), but like many other cultured cyprinids (Catla catla, Cirrhinus mrigala) wild population of L. rohita are at risk of loss of genetic diversity and variability due to extinction of genetically distinct wild stocks and mixing with the farmed accidental escapes or reservoir stock programmes (Reddy, 2005; FAO, 2006) . Given the occurrence of this event, over a course of period and generations, the introgression may ultimately render the species lesser fit to adapt to the changing environmental conditions. Considering its importance in the culture system, emphasis has also been given to its genetic improvement through selective breeding in India. Natural genetic resources form the basis for selection of the founder stocks for the selection programmes. Therefore, the genetic diversity data could have a vital role in scientific planning of the breeding programs for conservation and effective management of its natural genetic diversity. Mitochondrial DNA is a genetic material that exists outside the nucleus in eukaryotic cells, which is haploid genome and mostly inherited maternally. On account of its lower effective population size and rapid rate of evolution, various genes of mtDNA genome are being used for investigating different issues (Suneetha et al., 2000; Apostolidis et al., 2008; Wu et al., 2010; He et al., 2011; Mandal et al., 2011) . Different parts of the mitochondrial gene are known to evolve at different rates (Meyer, 1993) . ATPase 8 and ATPase 6 genes of mtDNA are generally variable in vertebrates (Zardoya et al., 1996) . These genes have been consistently found to have high evolutionary rate (1.3% per million years) in fishes (Bermingham et al., 1997) . ATPase 8 and ATPase 6 genes have been potentially used for analyzing both phylogeny as well as phylogeography in several fish species, (Chow and Ushiama, 2004; Hurwood et al., 2008; Dammannagoda et al., 2008; Vergara et al., 2009) . ATPase 8 and ATPase 6 mtDNA gene in different cyprinids have been used as genetic markers for monitoring variation in progeny of crosses (Xin et al., 2004) . A recent study by Yan, (Yan et al., 2009 ) also suggested that ATPase 6/8 gene is a valuable genetic marker to track genealogies and variations in progenies of hybrids. Besides, it has also been used in studying genetic analysis based population structure investigation. No published information is yet available on the population structure analysis of L. rohita using ATPase region of mitochondrial genome, however, data on various mitochondrial genes for evaluation of phylogenetic implications and molecular identification for few other fishes across taxonomic orders such as, Acipenceriformes (Fontana et al., 2007) ; Squaliformes (Murray et al 2008) ; Salmoniformes (Oleinik et al., 2007; Bouza et al., 2008) are available. In a previous investigation on L. rohita, low to moderate genetic differentiation in natural population was assessed using mitochondrial cytochrome b region (Luhariya et al., 2011) . Generally, the fragmented populations of freshwater species are expected to have high levels of genetic differentiation (Habib et al., 2012; Ward et al., 1994; Habib et al., 2010) . Such extent of differentiation is the net consequence of several interactive evolutionary forces such as restricted or lack of gene flow and other random genetic drift, mutations that acted on the population during the time lapsed after fragmentation (Hartle and Clark, 1997) . Therefore, exploration with alternate polymorphic mtDNA marker was deemed necessary to establish suitability for application in the genetic stock identification programme for L. rohita in its vast native distribution range. This paper is contribution to the demographic history and phylogeographic knowledge based on the polymorphism in mitochondrial ATPase 6/8 gene and analyses distribution pattern of genetic variation in large sample representative of populations of L. rohita in India. These results are used to derive information on genetic stock structure of the wild L. rohita. The importance of the results in conservation and management wild genetic resources of L. rohita are discussed.
Material and Methods

Sample collection
A total of 253 tissue samples of L. rohita were collected from commercial riverine catches from four different river basins, include Indus, Ganges, Brahmaputra and East Coast river system. Total nine rivers were chosen for the study and the samples collected from eleven different collection sites, located in different geographical areas in India i.e. Satluj, Brahmaputra, Mahanadi, Rapti, Son, Chambal, Tons, Chauka and Bhagirathi (Table 1) . Sampling sites were selected to document genetic variation across a wide geographical distribution ECAFE, 1966) . Weights of specimens ranged from 1.2 to 9.5 kg. Sampling procedures were performed at actual site of collection. The blood was extracted through caudal puncture and fixed in 95% ethanol in 1:5 (blood: ethanol) ratio.
DNA extraction and PCR amplification
Total Genomic DNA was extracted from blood using the Phenol-Chloroform method, protocol modified by Ruzzante et al. (1996) . ATPase8 and ATPase6 gene fragment was amplified using universal primers ATP8.2 L8331 and COIII.2H9236 (Sivasundar et al., 2001 ) in 50 l reaction, reaction volumes containing 1 reaction buffer (10 mM Tris, 50 mM KCl, 0.01% gelatine, pH 9.0), 1.5 mM MgCl 2 , 200 l of each dNTP's, 3U Taq polymerase (Genei, India), 5 pmoles of each primer and approximately 30-50 ng of template DNA. The amplification consisted of 30 cycle with an initial denaturation at 94°C for 300 secs, denaturation at 94°C for 30 secs; annealing at 55°C for 60 secs and extension at 72°C for 90 secs per cycle and final extension at 72°C for 600 secs. The amplicons were purified and sequenced bidirectionally on ABI sequencer using machine protocol.
Genetic diversity analysis
Amplified ATPase6/8 genes were sequenced in both the directions to check the validity of the sequence data. All DNA sequences were aligned using ClustalW and were further analysed for determining parameters of population genetic variation. MEGA 4.1 (Tamura et al., 2007) was used to estimate parameters of genetic variation parameters. Haplotype diversity and nucleotide diversity were estimated using DnaSP 4.5 (Rozas et al., 2003) . Sequence composition, molecular diversity indices, genetic differentiation and FST values were calculated using Arlequin 3.11 (Excoffier et al., 2005) . A minimum-spanning haplotype network was estimated using the TCS program (Clement et al., 2000) , which implements the statistical parsimony method of Templeton (Templeton et al., 1995) .
To test the patterns of isolation by distance (IBD) and effects of the reservoir on genetic distance among populations by using Mantel test (Mantel, 1967; Slatkin, 1993) with 10, 000 permutations in XL-STAT implemented via the software XLSTAT 2010. The genetic distance matrix used was pairwise F ST between populations while geographical distances in Kilometer (Km) between populations were based on stream segment and reservoir distances.
Neutrality and demographic history
Both mismatch analysis and neutrality tests were performed using the software Arlequin 3.11 (Excoffier et al., 2005) . The mismatch analysis in Arlequin 3.11 (Excoffier et al., 2005) included a raggedness index to determine goodness of fit to a unimodal distribution. Two widely used statistical tests were employed: Tajima's D (Tajima, 1989 ) and Fu's Fs (Fu, 1997 ), Tajima's D test compares two estimators of the mutation parameter θ, Watterson's estimator θs and Tajima's estimator θπ, significant D values can be estimated due to factors such as selection, population expansion, and bottleneck (Tajima, 1989) . As S depends more on the present population size and k on the size of the original population, a history of population growth can inflate S significantly compared with k and generate a negative value of Tajima's D (Tajima, 1989 ). Fu's Fs test is constructed based on selective neutrality using the probability of the number of alleles in a sample. Fu (1997) found that the Fs are sensitive to population demographic expansions, which generally lead to large negative Fs values. Historic demographic expansions were also investigated by examination of frequency distributions of pairwise differences between sequences (mismatch distribution), which was based on three parameters: θ 0 , θ 1 (before and after the population growth) and τ (time since expansion expressed in units of mutational time (Rogers and Harpending, 1992) . The mismatch distribution is usually multimodal in samples drawn from populations at demographic equilibrium, but it is usually unimodal in populations following a recent population demographic expansion and range expansion (Rogers and Harpending, 1992; Slatkin and Hudson, 1991; Excoffier, 2004) . The parameters of the demographic expansion τ, θ 0 and θ 1 are estimated by a generalized non-linear least-square approach, and confidence intervals of the parameters are computed using a parametric bootstrap approach (Schneider and Excoffier, 1999) . The values of τ were transformed to estimate of real time since expansion with the equation τ = 2ut, where τ is the mode of the mismatch distribution, u is the mutation rate of the sequence considering that u = 2 µk (µ is the mutation rate per nucleotide and k is the number of nucleotides in the sequence analysed). Thereafter, t in years was calculated as time after expansion using generation time of 2.94 years for L. rohita (Froese and Pauly, 2013 2 ). A substitution rate of 1.3% per million years (Myr) was used for ATPase which is reported as the mean rate for vertebrate mtDNA (Bermingham et al., 1997) .
Results
Sequence composition
Total 842 bp of ATPase 8 and ATPase 6 mitochondrial gene was sequenced in 253 individuals from eleven different populations belonging to nine different rivers (four different river basins) to determine the genetic variability in wild L. rohita. ATPase 8 region spanned from 1-165 bp of the sequence and ATPase 6 from 159-842 bp. An overlapping region (7 bp) between two genes was found from 159-165 bp. The two regions have been analysed together for determining variation in L. rohita in this study. We identified 36 variable positions with 44 haplotypes including 28 parsimony informative sites ( Table 2 ). The average frequencies of four nucleotides for all the samples of L. rohita are A: 32.00%; T: 26.70%; C: 29.00%, G: 12.30%; Nucleotide sequences of ATPase6/8 were A+T rich (58.70%) with transition to transversion ratio (Ts: Tv) was 5.324. GenBank accession numbers of the 44 haplotypes observed for mtDNA ATPase 6/8 sequences are from KF365258-KF365301.
Nucleotide and Haplotype Diversity
The average nucleotide diversity (pi) for the all samples from eleven populations was found to be 0.001 while haplotype diversity (Hd) was found 0.694 (variance 0.0012±0.034). Haplotype diversity was found to be high ranging from 0.471 (Rapti) to 0.857 (Son) and the nucleotide diversity was low, ranged between river 0.0007 (Satluj, Mahanadi, Rapti) to 0.0028 (Son) ( Table 3) .
Genetic relationship among haplotypes
Haplotype network based on nucleotide divergences among the haplotypes detected in this study indicated that the most of the haplotypes were closely related, with the most common haplotype (h01) as the center of radiation (Fig. 1) . Haplotype h01 was the dominant and the most common haplotype of these eleven populations. Total shared haplotypes was three; haplotype h03 was shared between river Satluj and Brahmaputra, haplotype h14 was shared between river Son and Tons Rewa and the haplotype h32 was shared between three different rivers: Tons Chakghat, Tons Rewa and Bhagirathi.
Haplotype network also depicted the formation of a single clade and all the haplotypes originated from the haplotype h01 either directly or through subsequent mutations (Fig. 1) . Haplotypes from the other populations like Mahanadi, Rapti, Chauka, Chambal Gwalior and Chambal Kota were exclusive and they exhibited population specific haplotypes. River Son significantly diverged from the other populations because within Son, diversity is maximum with maximum number of haplotypes which was 10, followed by river Brahmaputra and Chauka both, with 5 haplotypes each. River Chambal Gwalior, Chambal Kota, Tons Chakghat and Bhagirathi had 4 haplotypes in each. River Satluj, Rapti and Tons Rewa had 3 haplotypes each and 2 haplotypes observed in river Mahanadi (Table 2) .
Genetic differentiation
Analysis of Molecular Variance (AMOVA) of all the eleven populations (Satluj, Brahmaputra, Mahanadi, Rapti, Son, Chambal Gwl, Chambal Kota, Tons Chakghat, Tons Rewa, Chauka and Bhagirathi) revealed that out of total variation, only 16.56% was contributed variation among population and 83.44% was contributed variation to within populations and the F ST value was found to be significant 0.166 (Table 4) . Population pair wise F ST values ranged from (0.000) to (0.199) ( Table 5 ). The mean diversity for the entire population was 0.002 and the coefficient of differentiation for all eleven populations was 0.156. The mean distance within groups for all population was ranged (0.000) (Satluj and Tons Rewa) to (0.003) Son.
Isolation by Distance and Mantel test
The pattern of isolation by distance (IBD) was not supported when all the sampling locations were compared by Mantel test, the IBD observed was non-significant r = -0.113, P < 0.287 ( Fig. 2A) . IBD was also not found among Indus, Brahmaputra and Mahanadi river basin but it was found significant within Ganga basin, r = 0.409, P < 0.042 (Fig. 2B ), Indus and Ganga basin r = 0.406, P < 0.001 (Fig. 2C ), Brahmaputra and Ganga basin r = 0.406, P < 0.001 (Fig. 2D ), Mahanadi and Ganga basin r = 0.406, P < 0.001 (Fig. 2E) . When an outlier (Indus, Brahmaputra and Mahanadi) was removed from the whole population set, a clear positive correlation between pairwise F ST and geographic distance was seen (Table 6 ).
Demographic history and Neutrality
Pair-wise mismatch distribution and results of Taji-ma's D-test and Fu's Fs tests were performed for AT- Pase 6/8 region on each population are given in Fig.3 . The parameters of the sudden expansion and goodness of fit test to the model are given as in (Table 7) .
Discussion
Variation in ATPase6/8 gene (842 bp) sequences of mtDNA and resulting haplotypes revealed genetic structuring in wild L. rohita population, with overall moderate level of genetic differentiation between the subpopulations but high variation within the subpopulation. This indicates that gene flow that can offset the genetic differentiation among subpopulation is possibly happening due to direct or indirect continuity across the rivers and their tributaries of Indo-Gangetic plain. Substantial haplotype diversity with a total of 44 haplotypes was recorded in L. rohita populations and number of population specific haplotypes ranged from 2 (river Mahanadi) to 9 (river Son).
Population differentiation and genetic structure
Present study revealed the monophyletic origin of L. rohita population present in the nine rivers representing four independent river basins and derived from a com- mon monomorphic ancestry. The observed pattern and distribution of genetic variation was supported by haplotype network and phylogeographic analysis. Haplotype networks reconstruct the genealogical history of haplotypic variation and illustrate the evolutionary relationship among unique haplotypes. Under coalescent principles, the most common haplotype and that occupy central position in a network are assumed ancestral, while tip haplotypes are considered younger, more recently derived types (Templeton and Sing, 1993; Crandall, 1996) . Hence, the haplotype h01, the most dominant in all the populations, must have been ancestral and precursor to other haplotypes including the population exclusive haplotypes. Out of total 43 haplotypes that originated from h01, 28 (65%) haplotypes have mutated directly from h01 and among these 14 (50%) haplotypes are yet to have any subsequent mutation. Such genealogical relationship indicates that L. rohita populations in different localities have recently diverged from each other. Population from river Son was significantly different from the other populations as it has the maximum number of haplotypes supports the observation from cytochrome b gene analysis of L. rohita (Luhariya et al., 2011) . Three shared haplotypes, h03, h14 and h32 originated directly or indirectly from the common ancestor through subsequent mutation. Haplotype h03 was shared between Satluj and Brahmaputra, h14 was shared between Son and Tons Rewa and h32 was shared between three rivers; Tons at Chakghat and Rewa and Bhagirathi. AMOVA analysis also supported the observed differentiation of haplotypes in L. rohita and indicated moderate but significant genetic structuring of the populations. The results reveal that 16.56% of the total variation, was attributed to among population differences and 83.44% was due to within population variation. The significant heterogeneity, evident between all the population pairs appears to be due to the differences in the observed population exclusive haplotypes. The results from ATPase 6/8 genes more or less support the pattern of variation detected in L. rohita using cytochrome b region of mtDNA (Luhariya et al., 2011) .
Demographic history and population expansion
Our data on L. rohita support the pattern of rapid population expansion as evident from negative values of Fu's (Fs) index (Fu, 1997) in almost all the populations except Rapti. These values were more negative and significant in three populations Brahmaputra, Tons chakghat and Son, perhaps indicating stronger expansion signals in these three populations as compared to other populations. The population expansion is also supported by star-like genealogies (Slatkin and Hudson, 1991) in the haplotype network of L. rohita and unimodal mismatch distribution patterns for all the populations (Rogers and Harpending, 1992) .
Low nucleotide diversity, evident in L. rohita data, is characteristic of populations with shallow genetic structure because of rapid lineage sorting between small founder populations (Grant and Bowen 1998) . The criteria suggested by Grant and Bowen (1998 indicate that the population of L. rohita experienced population bottleneck or founder event. Subsequently, fragmented populations might have undergone sudden expansion and formation of new haplotypes, characterized with low frequencies. The time after expansion for the L. rohita populations (0.042 to 0.167 mya) correspond to late Pleistocene periods, when many drainage rearrangements have been taken place (Valdiya, 2002) . Range expansion of these carps possibly happened during Eocene till late Pleistocene through westward flowing Indo-Brahma river (Daniel, 2001; Mandal et al., 2011; Chauhan et al., 2007) or with the formation of Indo-Gangetic plains and associated drainages (Valdiya, 2002) in early Pleistocene (1.7 to 1.5 mya). During these period, the river systems such as Son, Tons and Chambal, historically older than formation of Ganga basin, are likely to have become accessible to the migrating Indo-Malayan fish fauna including carps The dismemberment of the river into separate Indus, Ganga and Brahmaputra basins and subsequent drainage rearrangements are likely to have influenced the fragmentation, expansion and consequently differentiation in L. rohita population.
As a population becomes more isolated, the potential for stochastic processes to create different haplotypes in the population becomes more likely and analyzed as isolation by distance (Slatkin, 1993) . Barluenga and Mayer (2005) suggested two alternative hypothesis to explain the genetic differences from different locations of the rivers (i) river was colonized by a large heterogeneous lineage of fish that differentiated in several rather isolated groups in diverse areas of the river; or (ii) the river was colonized by multiple genetically diverse lineages of fish from different refugia that posteriorly homogenized in the river. In case of L. rohita correlation was not obtained when all sampling locations were compared by Mantel test, the IBD was non-significant (r= -0.113, P < 0.287), but when an outlier (Indus, Brahmaputra and Mahanadi) was removed from the whole population set, a clear positive correlation between pairwise F ST and geographic distance was seen. Similar observation was used to assess isolation by distance in coral reef fish (Purcell et al., 2012) . In L. rohita population, the isolation by distance is evident within the subpopulations in tributaries and rivers of Ganga basin, which forms a continuous system. Genetic relationship, sharing of common haplotypes and high within population variation suggest that the first of the two hypotheses explain the population differentiation in L. rohita population.
The small genetic divergence observed within the river Tons is unexpected, however, such differences have been reported in other co-generic carps, L. calbasu (Singh et al., 2012) and L. dero (Chaturvedi et al., 2011) populations from the same river. This indicate restricted gene flow which is possible due to physical barriers such as large (430 ft) fall at Chachai, (24°47′31″N, 81°18′10″E), separating upstream the Bihad river and downstream Tons river or even the topology of the river (Chaturvedi et al., 2011; Singh et al., 2012) . Reddy (2005) raised the question, if Indian major carps are native to river Mahanadi or represent a naturalized population. Significant frequency (0.636) of ancestral haplotype (h01) in Mahanadi river samples, moderate genetic differentiation levels and comparable to that found in other rivers of Indo-Gangetic plains, leaves no ambiguity that these populations shared a common ancestry and fails to prove these population have fragmented since Pleistocene. The river Mahanadi is flowing southward since Pleistocene and colonized with Indo-Malayan fishes (including the carps) during migration of fishes from Assam Himalayas to Peninsular India (Silas, 1952) . Therefore, genetic evidence suggest that L. rohita in river Mahanadi is a naturalized population, a result of a more recent introduction from Indo-Gangetic origin, concordant to the findings for another Indian major carp Cirrhinus mrigala (Chauhan et al., 2007) .
In summary, there is clear evidence of distinct genetically structure in L. rohita population in its native distribution range. The subpopulations harboring different rivers might have fragmented from common ancestry and consequently expanded as evolutionary significant unit. The results recommend caution in culture based capture fishery through stocking farmed fish in rivers and reservoir in Indo-Gangetic and Brahmaputra basin in south Asia, the native distribution range of L. rohita. The recent initiatives such as establishment of brood bank in India can utilize the information from this study to plan acquisition of genetically distinct subpopulations. The population genetics data thus generated will have useful application in planning breeding programme for this important aquaculture species and for evolving conservation and management strategies of the wild populations. Further studies involving nuclear markers such as microsatellite DNA and with biological descriptors can enhance insights into genetic stocks of L. rohita across its native distribution.
